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Abstract
Masses of 238U projectile fragments have been measured with time-resolved
Schottky Mass Spectrometry (SMS) at the FRS-ESR facility at GSI. The
exotic nuclei were created in the production target at the entrance of the
fragment separator FRS, spatially separated in flight and injected into the
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storage-cooler ring ESR at about 70% light velocity. This means the ions
were mainly bare or carried only a few electrons, e.g., the population of
Li-like ions was below 1 % for Pt fragments. Accurate new mass values
of 33 neutron-rich, stored exotic nuclei in the element range from platinum
to uranium have been obtained for the first time. In total more than 150
nuclides including references with well-known masses have been covered in
this large-area SMS measurement. A novel data analysis has been applied
which reduces the systematic errors by taking into account the velocity profile
of the cooler electrons and the residual ion-optical dispersion in this part of
the storage ring. The experiment, the data analysis, and the mass values are
presented. The experimental data are compared with theoretical predictions
demonstrating systematic deviations of up to 1500 keV from modern mass
models.
Keywords: 21.10.Dr, 21.60.-n, 200<=A<=240, 32.10.Bi
1. Introduction
Heavy neutron-rich nuclides play an essential role in nuclear structure
and nuclear astrophysics. The understanding of the rapid neutron capture
nucleosynthesis process (r-process) and thus the origin of the heavy elements
strongly relies on the knowledge of their nuclear properties, e.g. masses and
half-lives [1]. Modeling of the r-process is also required to determine the ini-
tial abundances of cosmochronometers, such as uranium and thorium, which
can be used to determine the age of our galaxy [2]. In nuclear structure
research, the neutron-rich regions of the Z = 82 and N = 126 shell closures
are of particular interest. For example, they are needed to understand and
predict the stability of superheavy elements [3]. Despite their importance,
our knowledge about neutron-rich nuclides above lead is still rather scarce
because their production cross sections are very small and the separation and
particle-identification techniques for these heavy ions are very difficult [4].
The goal of the present experiment, performed in 2004, was to extend the
knowledge of the outskirts of neutron-rich nuclides between lead and ura-
nium. Uranium projectile fragments were measured at the FRS-ESR facility
[5, 6, 7] using time-resolved Schottky Mass Spectrometry (SMS) [8, 9, 10].
The results of this experiment include the discovery of neutron-rich isotopes,
isomers, and the determination of new mass values and half-lives. Some
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Figure 1: Experimental setup employed for the mass measurements. The fragments of in-
terest were spatially separated in flight with the FRS applying a two-fold magnetic rigidity
analysis combined with atomic energy loss in degraders, the Bρ-∆E-Bρ method. Addi-
tional separation and identification criteria were provided by the narrow Bρ acceptance
window of the ESR entrance (≤ ±0.2%) and the electron cooling, which enforces that all
stored nuclei circulate with the same mean velocity.
of the results of this experiment have already been published in references
[11, 12, 13, 14, 15]. The purpose of this paper is to present the values of
the mass surface of neutron-rich nuclides between platinum and uranium
deduced by a novel analysis method.
Since the experiment has been performed, new mass values obtained by
Penning trap measurements have been published on the masses of some of
the same nuclei [16, 17, 18]. This allows to make a comparison between the
two accurate methods of SMS [7, 8] and Penning trap [19, 20, 21] in this new
area of experimental masses. Furthermore, recently a breakthrough has been
achieved in nuclear structure studies with 208Pb and 238U projectile fragments
at relativistic energies (1000 MeV/u) [22, 23, 24] with the separator FRS [5],
reaching yet more neutron-rich nuclei.
2. Experiment
In this experiment a 670 MeV/u 238U projectile beam was extracted from
the heavy-ion synchrotron SIS [25] with a maximum intensity of 2×109/spill
and focused on a 4 g/cm2 beryllium production target placed at the entrance
of the fragment separator FRS. Fast extraction was used with a spill length
of 300 ns and a typical repetition rate of 0.2 per minute. The fragments of
interest were separated in flight with the FRS and injected into the storage-
cooler ring ESR [6] (Fig. 1). The main goal of this experiment was to perform
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mass measurements. Therefore, the separation conditions at the FRS were
selected such that, in addition to the nuclei of interest, sufficient reference
nuclides were injected into the ESR and recorded in the same revolution-
frequency spectra. Two-fold magnetic rigidity analysis combined with atomic
energy loss in a very thin degrader, with a thickness of 50 mg/cm2 (plastic),
was selected to restrict the transmitted range of elements between gold and
uranium. Some of the measurements were also performed with pure magnetic
rigidity separation of the FRS. The latter and simpler separation method
can be applied, if the intensities of the different ions injected into the storage
ring are sufficiently low such that correlations of the circulating ions due to
Coulomb interaction are excluded and the individual signals in the revolution
frequency spectrum can be well resolved [8].
Electron cooling was applied to the ion beam stored in the ESR. This
forces the circulating ions to the same mean velocity, which is determined by
the chosen terminal voltage of the electron cooler. In the present experiment,
the velocity of the ions was about 70% of the velocity of light, corresponding
to kinetic energies in the range of 360 to 400 MeV/u. After electron cooling,
the velocity spread of low intensity stored fragments amounts to approxi-
mately 5×10−7 [7, 8, 26, 27]. The revolution frequencies of two different
cooled ions i and j are then related by
fi − fj
fi
= −αp
[(m/q)i − (m/q)j
(m/q)i
]
+
(
1− γ
2
γ2t
)(vi − vj
vi
)
, (1)
where αp is the momentum compaction factor which is defined by
αp =
dC/C
d(Bρ)/(Bρ)
(2)
with C representing the orbital length of the stored ions and Bρ the magnetic
rigidity. The momentum compaction factor αp has been determined over the
full m/q range of the storage acceptance of the ESR. In this way, each peak
in the frequency spectrum corresponds to a specific mass-to-charge value.
The parameter γt corresponds to the transition energy characteristic for the
ion-optical setting of the storage-ring and is given by the relation γt =
1√
αp
.
After injection of the ions into the ESR, only a part of the full storage
momentum acceptance (±1.25%) is filled, since the injection acceptance is
much smaller (±0.2%) than the storage acceptance. Due to atomic collisions
electron cooling forces all stored ions to the velocity of the electrons. This
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disperses their different mass-to-charge ratios, such that only a part of the
cooled ion species remains within the storage acceptance. In order to access
a larger mass-to-charge range, different settings of the cooler voltages were
used. Since the cooling time is proportional to the third power of the velocity
difference between the cooler electrons and the circulating fragments [28], a
scan of the cooler voltage also leads to a shorter cooling time for the selected
fragments and hence access to shorter-lived nuclei. The cooler voltage was
changed in steps of 2 kV in the range from 190 kV to 200 kV, corresponding
to mass-to-charge ratios from 2.609 to 2.682 u/elementary-charge. Cooler
currents between 200 and 475 mA were used.
For the measurement of the revolution frequency spectra, the current
signals induced by the circulating few-electron heavy ions at each revolution
on two metallic pick-up plates in dipolar arrangement were recorded. The
signal of the pick-up plates, e.g., from the 31st harmonic, was tuned in a
resonance circuit, amplified, summed and shifted down by a frequency of
about 59 MHz, which was provided by a local oscillator (LO), to the frequency
range of 320 kHz using an image-reject mixer. The resulting signal was split
into two parts, one for on-line monitoring and one for off-line analysis. The
latter part was digitized using an ADC with 640 kSamples/s and written to
the data storage system in blocks with a length of about 0.1 s.
3. Analysis
3.1. Generation of Frequency Spectra
The frequency spectra of the stored ions were generated by Fast Fourier
Transform (FFT). Two blocks of data were combined to time domain sec-
tions with a length of about 0.2 s each. Every FFT spectrum contained
65536 channels with a channel width of about 4.8 Hz. To achieve an opti-
mum signal-to-noise ratio, 100 of such individual FFT spectra were averaged
to a single revolution frequency spectrum, which thus corresponds to 20 s of
data.
A typical frequency spectrum is shown in Fig. 2. SMS shares the advan-
tage of other broadband mass spectrometry methods, such as time-of-flight
mass spectrometry, of being able to simultaneously observe many different
ion species, including nuclides with known masses and nuclides with hitherto
unknown masses. This gives SMS an exceptionally high sensitivity. Note
that, in addition, in the element range of the present experiment, SMS can
detect single ions [8], and that a single detected ion is sufficient to obtain
5
227 86+
Fr
231
Ac
88+
224 85+
Rn
226 86+
Rn
223 85+
Rn
228 87+
Fr
214 81+
Bi
219 83+
At
229 87+
Fr
221 84+
Rn
213 81+
Bi
218 83+
Po 215 82+Bi
220 84+
At
In
te
n
s
it
y
 /
 a
rb
it
ra
ry
 u
n
it
s
(Revolution frequency - LO) / kHz
3
10×
0
40
80
120
160
200
240
T
im
e
 a
ft
e
r 
in
je
c
ti
o
n
 /
 s
N
o
is
e
 p
o
w
e
r 
d
e
n
s
it
y
 /
 a
rb
. 
u
n
it
205.45 205.5 205.55 205.6 205.65 205.6 205.65
213m 82+
Bi
213g 82+
Bi
E* = 1.35 MeV
(Revolution frequency - LO) / kHz
Figure 2: Upper panel: Characteristic Schottky frequency spectrum with isotopes of well-
known masses and those with unknown masses indicated by outlined element names. Note,
the frequency range in the plot results from the subtraction of a fixed oscillator frequency
(LO) which amounts to about 59 MHz. Lower panel: Example of a single-particle spectrum
for the new isomer 213mBi and its decay to the ground state. The recording conditions were
slightly different compared to the large-range spectrum above as indicated by the different
frequencies and charge states for 213Bi ions in both spectra. The excitation energy of the
isomeric state has been determined to (1.353 ± 0.021) MeV.
a mass value as shown in the lower panel of Fig. 2, where a single 213Bi
ion being firstly in the isomeric state and then undergoing γ-decay into its
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ground-state was discovered in the time resolved spectrum. The discussion
of further isomers discovered in this experiment will be the subject of a forth-
coming publication.
Also, the broadband capabilities of SMS allow for internal calibration of
the spectra. In particular, frequency drifts caused, e.g. by instabilities of the
power supplies for the ESR magnets, can be easily corrected for, as will be
discussed below. Thus, a much higher resolving power can be achieved than
could be expected from the stabilities of the magnetic fields. The measured
mass resolution was about 6×10−7. Hence, isobars and even isomers with
excitation energies of down to about 0.1 MeV could be resolved.
For each injection, 13 of such Schottky spectra were generated with their
corresponding time interval of 20 s. The signal of the injection kicker magnet
started the measurement cycle of about 260 s, see lower panel of fig. 2.
With this time information the lifetime of the stored exotic nuclei can also
be measured, if the decay happens during the recording period. The time-
resolved measurement is also important for proper identification of some of
the frequency peaks observed, e.g. in the case of low-lying isomers. In total,
8177 spectra were analyzed.
3.2. Analysis of Schottky Frequency Spectra
As in previous SMS experiments [8] a coupled motion of the circulating
ions with close mass-to-charge ratios was observed. It can be explained by the
Coulomb interaction of the ions, which precludes overtaking of the heavier
by the lighter ion [29]. If the mass-to-charge difference and therefore the
radial distance of the ions is large enough, the nuclides follow an independent
trajectory resulting in well resolved frequencies. Cases of coupled motion of
charged ions were excluded in the analysis. This can readily be done since the
signals of two coupled ions appear as a single mixture peak in the frequency
spectrum, which has a significantly larger width and whose frequency shows
a random jitter.
Next, the peaks were fitted with a Gaussian distribution to determine the
mean revolution frequencies. Due to instabilities of the power supplies for
the ESR magnets or the cooler voltage, the mean revolution frequencies show
drifts of up to a few hundred Hertz (at the 31st harmonic) over a period of
several hours [8, 10]. However, since all ions are subject to the same frequency
drifts, these drifts can be corrected for by shifting all peaks in an individual
spectrum by the same amount. All spectra belonging to one experimental
setting, i.e. all spectra that have been acquired with the same electron cooler
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voltage and current, can then be combined in a single projected spectrum for
identification of the nuclides. In order to determine the correction value for
every spectrum, for each experimental setting the spectrum containing the
maximum number of peaks was first chosen as a pattern spectrum. Next,
the mean revolution frequencies of the other spectra belonging to the same
setting were shifted such that the best match between the pattern spectrum
and each other spectrum was obtained. After application of these shifts,
a projection spectrum was created for each setting by summing the mean
revolution frequency peaks of all spectra. The width of the peaks in the
projection spectra amounts to about 3 Hz (FWHM).
3.3. Identification of Peaks
The identification of the peaks was performed using a pattern recognition
algorithm [27]. The best match between the projection spectrum and a the-
oretical spectrum was calculated for each setting, yielding the identification
of each experimentally observed peak. The theoretical spectrum was created
from a list of nuclides that can be produced by fragmentation or fission of
relativistic uranium ions. Nuclide data was taken from the Atomic Mass
Evaluation 2003 (AME2003) [30] and, in those cases where no mass values
were available, theoretical predictions from the FRDM model [31] were con-
sidered. Charge states corresponding to 0 up to 5 bound electrons were taken
into account. However, most of the ions were bare, H-like, or He-like.
The masses of these nuclides were corrected for the masses of the missing
electrons and the electron binding energies [32]. Since the cooling time of
several seconds does not allow to access short-lived nuclei, nuclides with
half-lives in the millisecond domain could be excluded. Furthermore, the
magnetic rigidity selection with the FRS and the ESR acceptance restricts
the mass-to-charge range of possible candidates.
3.4. Mass Evaluation
Before the correlation matrix method for the derivation of the mass values
for each nuclide could be applied, additional steps in the evaluation of the
measured frequency spectra had to be accomplished. During the experiment
the Schottky spectra were obtained under different conditions mainly charac-
terized by the choice of the experimental parameters. Several steps had to be
performed for each set of UCool, ICool and the local oscillator frequency (LO)
to attain the projection spectra which are used as input-data for the correla-
tion matrix. Therefore, a spectrum with the maximum number of revolution
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times measured for one setting was taken as the pattern spectrum. Each
revolution time in the pattern spectrum was assigned by Ti. The revolution
times ti in each remaining spectrum j, which was obtained under the same
conditions, were shifted by a constant Sj to lead to a maximum overlap with
the pattern spectrum and to minimize therewith the function
l(Sj) =
∑n
i (Ti − ti − Sj)2
n
. (3)
where n is the number of peaks being identified in both spectra. For the
further analysis with the correlation matrix method only those spectra were
taken into account where at least more than 33 % of the peaks have been
in common with the pattern spectrum and where the condition of
√
l(Sj) <
20 · 10−6 ns was fulfilled. The latter condition is approximately equivalent
to 40 keV for an ion with a charge of q=70. About 84% of the spectra
could satisfy these constraints. Finally, one projected spectrum has been
obtained where the revolution time of each peak equals the average value of
the revolution time obtained from the shifted revolution times. Although the
pattern spectrum contains most of all measured revolution times, it does not
contain all peaks found in every spectrum. Therefore, as the last step and for
consistency purposes, the projected spectrum replaced the pattern spectrum
and the procedure mentioned above was repeated again. After the last step
one final projected spectrum for each chosen set of experimental conditions
was obtained and dealt as input-data for the calculation of the mass values
with the correlation matrix method [8, 27] which belongs to the group of the
maximum likelihood methods. Since this method has been established in the
analysis of data which were obtained in Schottky Mass Spectrometry (SMS)
over the last years, only a short outline of the basic properties of this method
shall be given here. A more detailed description can be found in [8, 27].
The likelihood function L is constructed as the product of the experi-
mental and the calibration part. We assume that each part is a product of
Gaussian distributions f(x− µ, σ) defined by
f(x− µ, σ) = 1√
2piσ
exp(−(x − µ)
2
2σ2
), (4)
with µ as the mean value and σ as the width of the distribution.
The calibration part Lc is defined as
Lc =
∏
i
f(M bi − M˜ bi , δM˜ bi ) (5)
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Table 1: List of reference nuclides. Their mass values and their mass uncertainties were
taken from the AME2003 compilation [30]. The mass uncertainties in keV are here given
in parentheses.
Isotope Isotope Isotope Isotope
191Re (10) 207Pb (1) 219At (4) 223Ac (7)
192Os (3) 208Pb (1) 219Rn (3) 227Ac (2)
198Pt (3) 209Pb (2) 220Rn (2) 229Th (3)
199Pt (3) 210Pb (2) 221Rn (6) 231Th (2)
201Au (3) 211Pb (3) 221Fr (5) 232Th (2)
203Au (3) 213Pb (8) 223Fr (2) 233Th (2)
205Hg (4) 214Pb (2) 222Ra (5) 234Th (3)
206Hg (20) 206Bi (8) 223Ra (3) 233Pa (2)
202Tl (15) 207Bi (2) 224Ra (2) 234U (2)
203Tl (1) 208Bi (2) 225Ra (3) 235U (2)
207Tl (5) 209Bi (1) 226Ra (2) 236U (2)
208Tl (2) 211Bi (6) 227Ra (2) 237U (2)
209Tl (8) 216Bi (11) 228Ra (2) 238U (2)
210Tl (12) 210Po (1) 229Ra (19)
206Pb (1) 218Po (2) 230Ra (12)
and contains the nuclear masses of bare ions M bi as free parameters. The 58
reference masses M˜ bi with an uncertainty of δM˜
b
i are taken from the AME2003
compilation [30]. Note that in the AME2003 compilation the corresponding
results are always presented for neutral atoms. Therefore, we had to adapt
the values to our experimental condition, i.e., taking into account the electron
rest masses and the electron binding energies [8, 32]. The employed reference
nuclides for the present evaluation set are tabulated in Tab. 1. A mass
uncertainty δM˜ bi ≤ 20 keV was used as a criterion for selecting candidates
as reference masses.
The experimental part Lexp has the form
Lexp =
∏
j,µ
f(Mj/qj − P µn (tj), δµj ), (6)
where the product runs over all revolution times tj belonging to the projected
spectrum labelled by the index µ.
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As already described, each ion with the revolution time tj in the spectra
could unambiguously be identified and therewith be uniquely characterized
by its number of protons Zj, number of neutrons Nj , and the charge qj . The
mass Mj equals to the sum of unknown bare mass values M
b
k enumerated by
the index k, the mass of the orbital electrons and their (negative) binding
energy B(Zj , qj) [32]:
Mj =M
b
k + (Zj − qj)me + B(Zj, qj). (7)
The index k enumerates uniquely each nucleus present in the evaluated spec-
tra.
The calibration curve in a spectrum denoted as µ is approximated by the
polynomial P µn (t) function of the order n with n+1 unknown coefficients a
m
n .
The width δµj depends on the time uncertainty δtj and fulfills the relation
(δµj )
2 = (δtj × dP
µ
n (t)
dt
|t=tj )2 + F 2, (8)
with the unknown parameter F.
The masses of bare ionsM bi , the coefficients a
m
n of the calibration polyno-
mials P µn (t) and the free parameter F were treated as free parameters. Their
estimated values maximize the total likelihood function L = Lexp × Lc. The
F parameter has been found iteratively to be equal to 0.233 keV/q, which is
equivalent to the mass uncertainty of δm ≈ 16.3 keV for ions in the vicinity
of q = 70.
The statistical error has been estimated for each nuclide from the square
root of the diagonal element of the inverse correlation matrix
σi =
√
(W−1)i,i. (9)
Elements of the correlation matrix W are given by the expression (for
details see Eqs. 25-26 published in the paper [27]):
Wi,j = − ∂
2lnL
∂M bi ∂M
b
j
. (10)
For each reference nuclide listed in Tab. 1 its mass and statistical error
have been determined in a separate evaluation. However, in each of these
evaluation loops the selected nuclide was not used as a reference. The there-
with recalculated mass excess values for the reference nuclides and the list of
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newly derived mass excess values of 24 non-reference masses were the base
for the estimation of the systematic error. Only nuclides with an uncertainty
less than 50 keV in the AME2003 compilation [30] and a calculated deviation
to the therein given mass excess value |MEAME03 −MESMS| < 100 keV to
avoid low-lying isomers were chosen as candidates. In this way, the system-
atic error (σsyst) has been derived. In this analysis a value for σsyst = 10 keV
has been deduced for Nn = 82 nuclei (including all reference nuclides) solving
the following equation:
∑
i
(M bi − M˜ bi,syst)2
(δM˜ bi,syst)
2 + (σstati )
2 + (σsyst)2
= Nn (11)
where M˜ bi,syst is the mass value and δM˜
b
i,syst the uncertainty of the nuclides
chosen to provide a reliable systematic error estimation over the large Z-
region covered in this experiment.
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Figure 3: Calculated energy profile of the cooler electrons depending on their radial po-
sition. This energy profile results from space charge effects [28] and is additive to the
chosen electron cooler energy E0, corresponding to the terminal voltage Ucool and the
current Icool. The radial dimension in the plot represents the expected electron beam size
[26].
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After the first evaluation process with the correlation matrix a remaining
systematic dependency on the atomic number of the different nuclides was
observed. These deviations are clearly manifested for the accurately known
reference masses and are presented in the upper panel of figure 4. The
difference of the mass values for the reference masses in the literature [30] and
the deduced corresponding values from the correlation matrix as a function of
the element number demonstrates a clear correlation illustrated by the graph
of a linear fit. The slope of the fitted curve is -4.8 keV/Z. This observation was
not obvious in our earlier data due to a larger overall error. As a consequence,
we have here investigated experimental features which could influence the
accurate data in such a systematic way. A possible contribution from atomic
collisions with the residual gas atoms at the ultra-high vacuum condition of
10−11 mbar in the ring and an electromagnetic interaction with the capacity
probes are of minor importance in this respect. However, an explanation
for this new systematic observation can be that due to the remaining ion-
optical dispersion in the cooler section, the circulating ions probe the spatial
velocity profile of the cooler electrons, see fig. 3. This means, the ions will
have slightly different mean velocities depending where they merge with the
stream of cooler electrons. This interaction directly leads to the conclusion
that the second term in equation 1 cannot be neglected. In the following we
demonstrate this influence quantitatively.
As stated in reference [28], the energy of the electron beam in the cooler
shows a dependence on its radius which leads to a corresponding velocity
shift of the stored merged ions. This shift in electron energy as a function of
the radial position is given by:
∆E(r) = nepiremec
2r2, (12)
where ne is the electron-density, re the classical electron radius, c the
speed of light in vacuum, and r the radial distance from the electron beam
axis. The radial distance of the electron beam has its maximum value
at about 25.4 mm [26] in the ESR. Figure 3 shows the calculated energy
shift which is superimposed on the chosen electron cooler energy E0. This
distribution was calculated for UCool = 200 kV , ICool = 400 mA, E0 =
364.577 MeV/u, and ne = 5.91 · 1012 m−3 which were the conditions for one
of the chosen experimental settings in the measurements presented here. The
electron-density was calculated by:
13
ne =
ICool
e · v · pir20
, (13)
where ICool represents the cooler current, e the elementary charge, v the
mean velocity of the electrons, and r0 the maximum extension of the electron
beam.
Theoretically, the ion-optical dispersion should be close to zero in the
cooler section, however, practically it was determined to be about 1 cm/%
[33]. This means a momentum change of 1% causes a deflection of 1 cm in
transverse direction. We have found similar ion-optical deviations from the
calculations in recent measurements in the investigation of the isochronous
mode of the ESR. For our goal to explain the observed systematic shift in the
calculated mass values we have selected the reference isotopes of each element
circulating in the storage ring under identical experimental conditions and
determined their Bρ difference including the velocity profile in the electron
beam of the cooler. We took into account the different cooler voltages and
currents. The actual dispersion coefficient and the absolute position (offset)
of the ions in the cooler are experimentally unknown at the first place and
therefore, we varied both to check if the slope and the absolute values of the
comparison match. Indeed, with a dispersion coefficient of 1.06 cm/% and an
offset of 2.4 mm the contribution of the radial dependence of the longitudinal
energy shift ∆E(r) does explain the observed trend in the mass evaluation
depicted in the upper panel of figure 4. The result is shown in the lower
panel of fig. 4 demonstrating the influence of the radial velocity profile of
the cooler electrons in accurate mass measurements.
This study clearly shows that the velocity-dependent term in equation 1
has to be included in the final analysis of measured masses with the SMS
method. The magnitude of this term is determined by the actual ion-optical
dispersion and the characteristics of the electron cooler, i.e., the radial energy
profile of the electron beam.
Although only reference nuclides, compared to the values given in the
AME2003 compilation, were taken for the demonstration of this experimen-
tal influence of the velocity profile of the cooler electrons, this systematic
dependence was corrected in the analysis for all mass values presented in
this paper. Practically, this new observation was taken into account for the
measured data by a global polynomial fit as a function of Z, i.e. removing
the observed dependence before the final loop of the evaluation with the cor-
relation matrix was applied. As a major final result, the systematic error
14
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Figure 4: Upper panel: Observation of systematic deviations of reference masses to their
values given in AME03 [30] found after the first evaluation with the correlation matrix
method. Lower panel: Calculated deviations from the reference mass values in Atomic
Mass Evaluation [30] taking into account the radial profile of the longitudinal velocity of
the cooler electrons, see text. One can reproduce the observed dependence presented in the
upper panel by calculations including an ion-optical dispersion coefficient of 1.06 cm/%
and an offset from the ion-optical axis of 2.4 mm.
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given by equation 11 has been reduced by a factor of almost 3 compared to
our previous data [8]. The final evaluated mass values are presented in the
tables and figures in the upcoming sections.
Note, that the mass evaluation method used in this paper differs from
the local calibration-evaluation method applied in ref. [10]. However, the
mass values of both evaluation methods are in excellent agreement with an
average deviation of 5 keV and an rms value of 34 keV. The main differences
are reflected in the error assignment.
4. Experimental Results
An overview of the mass surface covered in the experiment is given in
Fig. 5. In total, more than 150 nuclides were identified in this work. Because
of the high efficiency and selectivity of the in-flight separation and the per-
formance of the time-resolved SMS the previously unknown isotopes 213Tl,
221Po, 222Po, 224At, and 236Ac were observed [15].
The access to nuclides with the same neutron number as the primary
beam can be attributed to the contribution from cold fragmentation reac-
tions [34], e.g. 234Ra resulted from a removal of 4 protons while the exci-
tation energy is still low enough that no neutrons were evaporated. Fig. 5
also includes isotopes that were formed in nuclear charge-exchange reactions.
Three very neutron-rich nuclei, 238Pa, 237Th, and 236Ac, are formed via the
(n,p) reaction channel. This reaction type has also been observed with 208Pb
projectiles at 1000 MeV/u in other FRS experiments [35].
For 33 nuclides the ground state mass was determined for the first time
in this experiment [10]. For 31 of these nuclides, a mass value is reported
in this paper. The spectra containing the remaining two nuclides, 208Hg and
211Tl, did not fulfill the selection criteria given in Section 3.4 and thus were
not included in this mass analysis. Since the local calibration-evaluation
method [10] is in very good agreement with the mass values obtained with
the improved correlation matrix method, the mass values for both nuclei
published in [10, 14] are still valid.
In addition, for 22 nuclides the mass uncertainties could be reduced com-
pared to AME2003. The mass excess (ME ) values obtained for the first time
and the improved mass excess values are given in Table 3. The values are
given as mass excess
ME = M −A× u (14)
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ZN
isotopes with well-known masses
known isotopes, mass values improved
known isotopes, first mass measurements
new isotopes, first mass measurements
126
82
213
Tl
218
Bi
222
Po
224
At
228
Rn
231
Fr
234
Ra
237
Th
236
Ac
238
Pa
238
U
known isotopes, new mass measurements
ISOLTRAP
Figure 5: Mass surface covered in this experiment. Nuclides, whose masses were measured
for the first time [10], are indicated by open triangles. Since the publication of the doctoral
thesis [10], which forms the basis of this work, new mass values for radon isotopes obtained
from Penning trap experiments have been published [17]. The masses of three further
nuclides, were measured at about the same time as in the SMS experiment [16]. Five new
isotopes have been discovered in the element range from thallium to actinium [15]. The
boundary of previously known neutron-rich isotopes is indicated by the solid line and was
taken from the ENSDF database provided by the BNL-NNDC compilation [36] showing
the status in April 2011. Meanwhile the border of known nuclei in this region of the
nuclidic chart could be extended further [37]. The well-known masses indicated in the
figure (open squares) have an average experimental error of about 8 keV [30] and are used
for calibration.
where M is the mass of the neutral atom, A its mass number and u the
atomic mass unit.
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Table 2: List of nuclei with the measured mass excess (ME) values which have been
improved in the present experiment [10]. The σME values are the corresponding errors.
Element Z N A ME σME
(keV) (keV)
Sn 50 78 128 -83380 23
Sb 51 82 133 -78899 23
Te 52 84 136 -74468 23
La 57 87 144 -74867 19
Ce 58 88 146 -75610 37
Au 79 123 202 -24353 23
Hg 80 127 207 -16487 30
At 85 135 220 14376 14
Fr 87 137 224 21795 13
87 138 225 23822 13
87 139 226 27541 12
87 140 227 29686 13
87 142 229 35674 14
Ac 89 140 229 30690 12
89 141 230 33838 16
89 142 231 35763 13
89 143 232 39154 13
Th 90 145 235 44018 13
Pa 91 144 235 42289 14
91 145 236 45334 14
91 146 237 47528 13
91 147 238 50894 16
New accurate experimental data with the Penning trap system ISOLTRAP
have been measured since our experiment was performed [17], which allow
for a comparison of mass values from both methods. In Fig. 6 the values
obtained by SMS and by ISOLTRAP [16, 17, 18] are compared. The band
around the mean value of the differences, 14 keV, reflects twice the rms value
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Table 3: List of nuclei with mass excess (ME) values measured for the first time in the
present experiment [10]. The σME values are the corresponding errors. Newly discovered
isotopes are marked in bold.
Element Z N A ME σME
(keV) (keV)
Pt 78 124 202 -22692 25
Tl 81 132 213 1784 27
Bi 83 134 217 8730 18
83 135 218 13216 27
Po 84 135 219 12681 16
84 136 220 15263 18
84 137 221 19774 20
84 138 222 22486 40
At 85 136 221 16783 14
85 137 222 20953 16
85 138 223 23428 14
85 139 224 27711 22
Rn 86 137 223 20381 12
86 138 224 22453 13
86 139 225 26526 13
86 140 226 28753 14
86 141 227 32905 23
86 142 228 35234 29
Fr 87 141 228 33367 15
87 143 230 39515 19
87 144 231 42064 25
Ra 88 143 231 38212 14
88 144 232 40496 14
88 145 233 44322 16
88 146 234 46893 31
Ac 89 144 233 41308 13
89 145 234 44841 14
89 146 235 47357 14
89 147 236 51221 38
Th 90 146 236 46255 14
90 147 237 49955 16
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Figure 6: Comparison of the SMS mass values of the present work with the most recent
results from ISOLTRAP for several Rn, Fr and Ra isotopes [16, 17, 18]. The half width
of the grey band reflects the rms value of differences between both measurements and its
center is the mean difference.
of differences σrms= 48 keV, which is calculated from
σrms =
√√√√ 1
n
n∑
i=1
(ME SMS −ME ISOLTRAP)2i (15)
where n is the number of data points included and ME SMS and ME ISOLTRAP
are the mass excess values obtained by SMS and ISOLTRAP, respectively.
This comparison demonstrates the excellent accuracy of both methods,
which had already been observed in previous experiments [8]. One finds
only a larger deviation for the nuclide 229Fr. Due to the larger mass excess
value from the Penning-trap measurement compared to our value, one could
conclude that an unknown isomeric state was actually measured in the earlier
ISOLTRAP experiment [18]. However, the authors stated that 229Fr could
be stored in the precision trap only simultaneously with 229Ra. This could
have led to the less accurate determination for the mass of 229Fr. Without
the 229Fr value the comparison is characterized by a better rms value of only
σrms= 19 keV.
For those nuclides, for which a mass value has been measured for the
first time in this work, a comparison can be made with the extrapolated
values given in the AME2003. Likewise, mass values of nuclides, for which
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Figure 7: Mass values from this work compared to the values of AME2003 compilation.
The half-width of the grey band reflects the rms value of the differences and its center
is the mean difference. Left panel: Comparison of the new experimental masses with
the extrapolated values of the AME2003. Right panel: Comparison of previously known
masses which have been improved by the present experiment.
the uncertainties have been reduced, can be compared with the previous
values contained in the AME2003. This comparison is shown in Fig. 7. The
mean deviation between the new mass values and the AME2003 predictions
is 133 keV with an rms value of differences of 195 keV. The mean deviation
for the improved mass values is 19 keV with an rms deviation of 111 keV.
Systematic effects in the mass surfaces can often most easily be found
from an investigation of mass differences or even multifold mass differences.
For the element range covered in the present experiment, the two-neutron
separation energies (S2n) values are shown in Fig. 8. They are defined by
S2n = −ME(A,Z) +ME(A− 2, Z) + 2 ·ME(1, 0), (16)
where ME(A,Z), ME(A − 2, Z), and ME(1, 0) are the mass excess values
of the ion of interest, of the two-neutron more deficient isotope of the same
element, and of the neutron, respectively.
The S2n values have a smooth trend as a function of the neutron number
in general except at the shell closure at N = 126. Similar nuclear structure
information can be directly observed with δVpn values [38]. For even-even
nuclides, the δVpn value is defined by
δV eepn (Z,N) = −
1
4
[S2n(Z,N)− S2n(Z − 2, N)] (17)
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Figure 8: Panel on the left hand side: Experimental two-neutron separation energies.
The new values of this experiment are indicated with filled circles the other data are
taken from ref. [30]. Panel on the right hand side: The shell closure at N=126 is clearly
demonstrated in the proton-neutron interaction represented by the δVpn values. The full
symbols indicate the new values obtained from the present mass excess data. The value
for 210Pb was derived using the value for 208Hg published in [10, 14]. The open symbols
represent the data from ref. [30].
The δVpn values can yield information on the average interaction of the
protons and neutrons in their shell occupancy [14, 38].
Indeed, they are double differences of the binding energies and can reflect,
in a simplified shell-model picture, an averaged proton-neutron interaction
and thus can indicate shell and sub-shell closures. This interaction is depicted
in Fig. 8 for even-even isotopes as a function of the neutron number. The
shell closure at N=126 is clearly manifested and possible structural changes as
suggested in reference [17] are confirmed. The value for 210Pb was calculated
using the mass excess value for 208Hg published in [10, 14]. As stated above,
both analysis methods are in very good agreement.
Nuclear mass models have primarily two goals: they must reproduce and
explain the available experimental data, and they have to predict values for
the unknown territory, i.e., in our case to extend the information towards
the possible path of the r-process [39, 40]. Here, we show a representa-
tive comparison of our new experimental mass values to the widely-used
and most accurate macroscopic-microscopic model FRDM [41], the semi-
empirical complex mass formula of Duflo and Zuker [42], and two microscopic
Hartree-Fock-Bogoliubov theories, namely HFB-14 [43] and HFB-17 [44].
The experimental results are compared with the theoretical predictions
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Figure 9: Comparison of experimental Mass Excess (ME) data for Po and Ra isotopes
with different theoretical models [41], [42], [43], [44]. The experimental data are taken
from ref. [30] and the present experiment indicated by full symbols.
for Polonium and Radium isotopes. The comparison in Fig. 9 clearly shows
the deficiency of the models. The deviations from the experimental data sys-
tematically increase with increasing neutron number, i.e., with the distance
from the previous experimentally known mass values.
The rms-deviations of the newly measured ME values, marked with filled
symbols in figure 9 calculated with the different mass models for Po isotopes
are 976 keV, 464 keV, 525 keV, 211 keV corresponding to the references [41],
[42], [43], [44], respectively. The corresponding rms-deviations for Ra are 683
keV, 667 keV, 1213 keV, 567 keV related for the references [41], [42], [43],
[44], respectively.
Besides the generally valid observation of the stronger deviation for the
more n-rich isotopes, the odd-even fluctuation in the comparison reveals an-
other shortcoming in the theoretical models. These statements also hold
for other elements within the mass area mapped in our experiment. The
most crucial test is the direct comparison of the experimental and theoreti-
cal binding energies, because when binding energy differences are compared,
systematic problems could partially cancel. In Fig. 10 the binding energy
differences in form of S2n values for Po and Ra isotopes are again compared.
The rms-deviations of the S2n values for the different mass models for Po iso-
topes, where our new mass excess values contribute, are 299 keV, 103 keV,
538 keV, 296 keV corresponding to the references [41], [42], [43], [44], re-
spectively. The corresponding rms-deviations for Ra are 70 keV, 492 keV,
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Figure 10: Comparison of experimental S2n - values for Po and Ra isotopes with different
theoretical models [41], [42], [43], [44]. The experimental data are taken from ref. [30] and
the present experiment indicated by full symbols.
260 keV, 212 keV related to the references [41], [42], [43], [44], respectively.
At the first glance one can observe that the deviations are really in gen-
eral smaller because in this way the systematic inherent deficiency partially
cancels due to the fact that one only judges differences for each model.
5. Summary
The presented masses of exotic nuclei measured at the FRS-ESR experi-
mental facility contribute significantly to the present knowledge in the heavy
element range between Pt and U for neutron-rich isotopes. For the elements
Ac, At, Po, and Tl, the most neutron-rich isotopes have been discovered in
the present experiment [15]. Meanwhile, these nuclei have also been observed
in other FRS experiments with different scientific goals. The importance of
cold fragmentation and nuclear charge-changing reactions is manifested by
the observation and investigation of the so far most neutron-rich isotopes in
the region of lead and uranium. Time resolved Schottky spectrometry was
applied to measure new masses with an average accuracy of about 19 keV.
The observation of a systematic dependence for the recalculated reference
masses by the matrix evaluation led to the conclusion that the radial veloc-
ity profile of the electron beam in the cooler has to be taken into account.
Our representative illustration of the physical impact of these experimental
results demonstrates the shortcomings of the present theoretical description,
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especially for the new masses and the discovered isotopes. In such time-
resolved SMS experiments one also obtains new information on the decay
properties of the isotopes, including isomers, covered in the measured fre-
quency spectra, e.g. ref. [45, 46]. The results on new isomeric states and
lifetimes will be discussed in a forthcoming publication.
In the near future, the intensity upgrade program for the GSI accelera-
tors will substantially contribute to improve the accuracy of the spectroscopy
information for the most exotic isotopes and will also give access to more un-
known nuclides. In particular, we aim at measurements near and at the
N=126 shell closure which is very relevant for the astrophysical models de-
scribing the r-process paths.
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